Abstract: Sclerotinia sclerotiorum infects a broad range of plant hosts, and is typically identified by the production of white mycelium and black sclerotia on infected plants and culture. Isolates of S. sclerotiorum with darklypigmented mycelium have been reported on Valencia peanut in New Mexico and Texas. This study was conducted to determine the relationship between dark pigmentation in mycelium, oxalic acid production, and pathogenicity of S. sclerotiorum on Valencia peanut. A darkly-pigmented (SD) and a mutant, non-pigmented (SW) isolate of S. sclerotiorum were compared for vegetative growth on various growth media under different environmental conditions, and for pathogenicity on peanut. The SD isolate became darker in mycelium pigmentation as temperature increased beyond 20°C and at pH between 5.0 and 6.0. Pigmentation in the SW isolate remained unaffected. Oxalic acid production did not increase in either SD or SW isolates when grown on media amended with pure oxalic acid or its precursor arabinose. The SD isolate caused peanut plant death and necrotic lesions on leaflets, while the SW isolate did not cause any symptoms. The differential behavior of SD and SW isolates in pathogenicity does not appear to be associated with mycelium pigmentation.
Introduction
Sclerotinia species affect peanut (Arachis hypogaea) plants by attacking above-ground plant parts (Porter and Melouk 1997; Hollowell et al. 2003) . The symptoms of plant infection usually occur when the weather is cool and wet (Porter and Melouk 1997; Woodward et al. 2008 ).
The first indication of infection is yellowing and wilting of the main or lateral branches of the plant. As the disease progresses, dense white fluffy mycelia and sclerotia develop around the stem. Sclerotia are compact masses of melanized mycelia stored with reserve food materials that allow the pathogen to survive the winter months and to infect additional plants when conditions become favorable. The formation of sclerotia makes Sclerotinia blight particularly difficult to manage. Characteristics of sclerotia differ among species of Sclerotinia (Kohn 1979; Bolton et al. 2006) . Lesions form around the soil line of infected stems (Porter and Melouk 1997; Woodward et al. 2008) and cause the stems to shred, which eventually blocks the flow of water and nutrients throughout the plant, ultimately leading to plant death.
Several reports have described the normal phenotype of S. sclerotiorum as characterized by the presence of large sclerotia, and white and fluffy mycelium. However, darkly pigmented mycelial variants have been reported on peanut in New Mexico and Texas (Sanogo and Puppala 2007; Woodward et al. 2008) . There are at least three other reports of the occurrence of pigmented variants of S. sclerotiorum outside the US. Lazarovits et al. (Lazarovits et al. 2000) reported two pigmented variants from their culture collection, one of which was obtained from diseased bean (Phaseolus vulgaris) plants from Japan, and the other was isolated from a diseased sunflower (Helianthus annuus) plant in Hawaii. Akem et al. (2006) recovered several isolates of S. sclerotiorum from diseased lentil (Lens culinaris) plants. These isolates vary in color from white to gray or dark brown when grown on potato dextrose agar (PDA). Garg et al. (2010) collected eight isolates of S. sclerotiorum in Western Australia, and identified three darklypigmented isolates on PDA.
Dark mycelial pigmentation is due to production of melanin in fungi (Bell and Wheeler 1986; Lazarovits et al. 2000; Kogej et al. 2004) . Melanin is described as any black or brown pigments of high molecular mass formed by the action of oxidase enzymes on phenolic compounds (Bell and Wheeler 1986) . It has been proposed that in a number of pathogenic fungi, melanin could play a role in pathogenicity (Dixon et al. 1991; El Bassam et al. 2002) . There are four known pathways through which most fungi produce melanin: 1,8-dihydroxynaphthalene (DHN), 3,4-dihydroxyphenylalanine (DOPA), y-glutaminyl-3,4-dihydroxybenzene (GDBH) and catechol (El Bassam et al. 2002) . Most ascomycetes produce melanin through the DHN and DOPA pathways, while basidiomycetes produce melanin through the GDBH and catechol pathways (Elliot 1995) . There are several known compounds which inhibit melanin production by interfering with one or more of the melanin-producing pathways. Examples of common melanin inhibitors are kojic acid, phthalide, and tricyclazole. Kojic acid inhibits melanin biosynthesis by blocking the DOPA pathway, while phthalide and tricyclazole inhibit melanin biosynthesis by blocking the DHN pathway. The DHN melanin pathway has been reported in sclerotia of S. sclerotiorum, S. trifoliorum, and S. minor (Bell and Wheeler 1986) .
Melanin-based pigmentation is important from at least two perspectives. First, several studies have shown that melanin-based pigmentation is a major determinant of pathogenicity and virulence in many fungal species such as Colletotrichum lagenarium (Kubo et al. 1996) , Pyricularia oryzae (Howard and Valent 1996) , Venturia inaequalis (Hignett et al. 1984) , and Rhizoctonia solani (Kim et al. 2001) . Second, melanin-based pigmentation in fungal mycelium or propagules has also been shown to confer protection against temperature extremes, desiccation, ultraviolet, and enzymatic degradation (Bell and Wheeler 1986; Henson et al. 1999 ). Butler and Gardiner (2009) explored the nature of sclerotial melanin in S. sclerotiorum and concluded that sclerotial melanin is extremely resistant to both chemical and biological degradation, and therefore it may enhance the survival of S. sclerotiorum.
The ecological significance of the occurrence of variants of S. sclerotiorum with pigmentation in mycelium is not known. The existence of such variants of S. sclerotiorum with pigmentation in mycelium offers an opportunity to further our understanding of the biology of this fungal pathogen with regard to its pathogenicity and survival. Previous studies have clearly demonstrated the involvement of oxalic acid in the pathogenicity of S. sclerotiorum (Bateman and Beer 1965; Godoy et al. 1990; Cessna et al. 2000; Williams et al. 2011) . It is of interest to examine pathogenicity of S. sclerotiorum in relation to production of melaninbased pigmentation and oxalic production. Increased knowledge in this area should provide a pedestal for designing management tools for diseases caused by S. sclerotiorum. The objectives of this study were (1) to assess the effects of selected melanin-inhibiting compounds, melanin precursors, pH, and carbon source on mycelium pigmentation in S. sclerotiorum, (2) to determine the effect of mycelium pigmentation on the pathogenicity of S. sclerotiorum by comparing darkly-pigmented and non-pigmented isolates of S. sclerotiorum on Valencia peanut and (3) to assess the effects of pure oxalic acid and an oxalic acid precursor, arabinose, on oxalic acid production in pigmented and mutant nonpigmented isolates of S. sclerotiorum.
Materials and Methods

Maintenance of S. sclerotiorum
Sclerotia produced by a darkly-pigmented (SD) mycelial isolate of S. sclerotiorum were collected from stems diagnosed with Sclerotinia blight in eastern New Mexico, at the same site described by Sanogo and Puppala (2007) . The collected sclerotia were placed in 9-cm diameter Petri plates and stored in a 5°C refrigerator until needed. To establish mycelial cultures of S. sclerotiorum, sclerotia from the 5°C refrigerator were allowed to acclimate and air dry at room temperature (22-25°C) for 20-30 min, and each sclerotium was placed on an acidified potato dextrose agar (APDA) medium plate (Sanogo and Puppala 2007) . The inoculated APDA plates were incubated in a 25°C growth chamber for 3-5 d, at which time mycelium growth reached the edge of the APDA plate. Culture transfers were made from these APDA plates to 9-cm diameter Petri plates containing PDA, which were used in all studies.
Establishment of non-pigmented mutant isolates from wild type, pigmented S. sclerotiorum PDA was amended with the following melanininhibiting compounds: (1) 100 μg mL −1 kojic acid (Alfa Aesor, Haverhill, MA), (2) 100 μg mL −1 phthalide (Alfa Aesor, Haverhill, MA), (3) 30 μg mL −1 tricyclazole (provided by Dr. M. Wheeler, College Station, Texas), and (4) 125 μg mL −1 and 250 μg mL −1 of 5% glyphosate (N-phophonomethylglycine) (bioWORLD, Dublin, OH). Amended media were prepared by dissolving 19.5 g of Difco dehydrated PDA into 450 mL of deionized water (400 mL of deionized water for glyphosate media) in a 1-L Erlenmeyer flask and autoclaved at 121°C for 30 min, then cooled in a 50°C water bath. After cooling, the following solutions were separately added to the flasks: (1) 50 mL solution of deionized water containing 100 μg mL −1 kojic acid, (2) 100 mL solution of deionized water containing 125 μg mL −1 glyphosate, (3) 100 mL solution of deionized water containing 250 μg mL −1 glyphosate, (4) 50 mL 95% ethanol solution containing 100 μg mL −1 phthalide, and (5) 50 mL 95% ethanol solution containing 30 μg mL −1 tricyclazole. The flasks were thoroughly agitated on a rotary shaker, and media were poured into 9-cm diameter Petri plates. Control plates with 95% ethanol and containing no inhibitory compounds were also prepared. A 1-cm mycelium plug from a PDA culture of one darkly pigmented isolate (SD) of S. sclerotiorum was placed onto the middle of each plate, sealed with parafilm and placed in a 25°C growth chamber in the dark for incubation. Treatments were arranged in a completely randomized design, and four replicate plates were prepared for each treatment. Mycelial radial growth was measured daily up to 72 h and changes in pigmentation (white versus pigmented) were qualitatively measured and recorded at 14 d. This duration was chosen from preliminary work because it provided sufficient time for optimum expression of dark pigmentation. The experiment was conducted three times. From these experiments, non-pigmented mutants were generated. Four non-pigmented mutants were established and were verified to be S. sclerotiorum using a confirmation test as explained below. Because all four mutants were morphologically and physiologically similar (e.g., with regard to temperature response) one mutant non-pigmented isolate (SW), which was derived from the wild-type strain, was used in studies described below.
Isolate confirmation
Polymerase chain reaction (PCR) was conducted using genomic DNA from either the darkly-pigmented or the (White et al. 1990 ) (Sigma, St. Louis, MO, USA), 1 mM ITS 5 primer (White et al. 1990 ) (Sigma, St. Louis, MO, USA), 1 unit of Taq polymerase (Promega, Madison, WI, USA), and 12.8 μL deionized water. Thermal cycling parameters were as follows: initial denaturation for 5 min at 94°C, followed by 1 min denaturization at 94°C, 1 min anneal at 58°C, 1 min extend at 72°C cycled 35 times then a final extension for 10 min at 72°C. Negative (no DNA) controls were used in all PCR experiments. PCR products were then separated using a 1% agarose gel mixed with 0.5 μg mL −1 ethidium bromide and electrophoresed with 1× TBE running buffer for 1.5 h at 80 volts. Two DNA ladders, 1 kilobase pair (kb) (New England biolabs, Ipswich, MA, USA) ladder and 100 base pair (bp) (Promega) ladder, were used for all gels as molecular size standards. Amplified PCR products were purified using the Qiaquick PCR purification kit (Qiagen, Valencia, CA, USA) according to the kit's protocol. After purification, PCR products were sent to the New Mexico State University Sequencing Lab for sequencing using ABI 3100 sequencer and software. A NCBI BLAST search (www.ncbi.nih.nlm.com) using the sequences was performed to determine the identity of the isolates.
Effect of two carbon sources (glucose and sucrose) on mycelial growth and pigmentation
Two carbon sources, glucose and sucrose, were evaluated. Media were amended with these carbon sources as described by Sanogo and Puppala (2007) . The media were poured into 9-cm diameter Petri plates. Water agar control plates, were also prepared. A 1-cm mycelium plug from either a PDA culture of one darkly pigmented (SD) or non-pigmented (SW) isolate of S. sclerotiorum was placed onto the middle of each medium plate, parafilmed and maintained in a 25°C growth chamber in the dark. Four replicate plates were prepared for each medium. Mycelial radial growth was measured daily up to 72 h and changes in pigmentation, based on visual observation, were recorded for 14 d. The experiment was conducted three times using a completely randomized experimental design for each trial.
Effect of temperature levels on mycelial growth and pigmentation Four temperatures levels were evaluated. A 1-cm mycelium plug from a PDA culture of one SD or one SW isolate of S. sclerotiorum was placed onto the middle of each PDA plate, which was sealed with parafilm and maintained in a 15, 20, 25, and 30°C growth chamber in the dark. The selected temperature levels are within the temperature range usually encountered from planting (typically in May) to harvest of peanut (typically in October) in eastern New Mexico (Sanogo and Puppala 2007) . The experiment was conducted in a two-factor (temperature with four levels, and isolate with two levels) factorial design, with four replicate PDA plates prepared for each temperature and isolate combination. Mycelial radial growth was measured daily up to 72 h and changes in pigmentation, based on visual observation, were recorded for 14 d. The experiment was conducted three times.
Effect of pH levels on mycelial growth and pigmentation
Five pH levels were evaluated. PDA medium was amended with 0.1 M citric acid and 0.2 M dibasic sodium phosphate to achieve five pH levels of 5.0, 5.6 (control plate), 6.0, 7.0 and 8.0 in solidified medium. PDA control plates (pH 5.6) with no compounds added were also prepared. The medium were poured into 9-cm diameter Petri plates. To measure pH in the solidified medium, 10 g from each pH level plate, including control plates, were mixed with 25 mL of deionized water and ground with a mortar and pestle (Sanogo and Yang 2001) . The slurry was poured into a 30-mL beaker with a stirring bar, and pH was measured under slow agitation. A 1-cm mycelium plug from a PDA culture of one SD or one SW isolates of S. sclerotiorum was placed onto the middle of each plate, which was sealed with parafilm and maintained in a growth chamber at 25°C in the dark. The experiment was conducted in a two-factor (pH with five levels, and isolate with two levels) factorial design, with four replicate plates for each pH and isolate combination. Mycelial radial growth was measured daily up to 72 h and changes in pigmentation, based on visual observation, were recorded for 14 d. The experiment was conducted three times.
Effect of three melanin precursors on mycelial growth and pigmentation
Three melanin precursors and a control were evaluated as follows: (1) PDA medium amended with catechol at 100 μg mL −1 (Alfa Aesar, Haverhill, MA, USA); (2) PDA medium amended with shikimic acid at 100 μg mL −1
(Alfa Aesar, Haverhill, MA, USA); (3) PDA medium sprinkled with 0.5 mg of scytalone, a DHN melanin precursor (synthesized and provided by Dr. M. Wheeler, College Station, Texas); and (4) PDA medium nonamended (control). For catechol, shikimic acid, and control plates, a 1-cm mycelium plug from a PDA culture of one SD or one SW isolates of S. sclerotiorum was placed in the middle of each plate, which was subsequently sealed with parafilm and placed in a growth chamber at 25°C in the dark. For evaluation of scytalone, SD and SW isolates were grown on control PDA medium for 48 h in a growth chamber at 25°C in the dark, and 0.5 mg scytalone was sprinkled on top of the growing mycelium. The plates were sealed with parafilm and returned into the growth chamber. The experiment was conducted in a two-factor (amendments, consisting of three melanin precursors and one control, and isolate with two levels) factorial design, with four replicate PDA plates prepared for each amendment and isolate combination. Mycelial radial growth was measured daily for catechol and shikimic acid plates up to 72 h and changes in pigmentation, based on visual observation, were recorded at 14 d. The experiment was conducted three times.
Effect of arabinose and pure oxalic acid on S. sclerotiorum Three treatments were evaluated by amending PDA with the following: 100 μg mL −1 oxalic acid precursor, arabinose (Alfa Aesar, Haverhill, MA, USA), 100 μg mL
pure oxalic acid (Alfa Aesar, Haverhill, MA, USA), and no amendment (control). Amended and control media were poured into 9-cm diameter Petri plates. A 1-cm mycelium plug from a PDA culture of one SD or one SW isolates of S. sclerotiorum was placed onto the middle of each plate, which was sealed with parafilm and placed in a growth chamber at 25°C in the dark. After 72 h, a 1-cm mycelium plug from each PDA amended plate were placed onto a PDA plate amended with 50 ppm bromophenol blue then sealed with parafilm, covered with foil and placed in the 25°C growth chamber to check for acid production (protocol adapted from Steadman et al. 1994) . Also, agar plugs were taken from control PDA plates, PDA amended with arabinose, and PDA amended with oxalic acid that did not contain mycelium and were placed onto PDA plates amended with bromophenol blue, covered with foil and placed in a 25°C growth chamber. The presence of a yellow halo, which signifies acid production by the isolate, was monitored daily for up to 72 h. The experiment was conducted in a two-factor (oxalic acid amendments, consisting of two treatments and one control, and isolate with two levels) factorial design, with four replicate PDA plates prepared for each amendment and isolate combination. Mycelial radial growth was measured daily for both arabinose and pure oxalic acid treatment plates up to 72 h and changes in pigmentation, based on visual observation for all treatments for bromophenol blue indicator plates, were recorded at 72 h. The experiment was conducted three times.
Pathogenicity
Surface disinfested seeds of Valencia peanut (cultivar Val-C) were planted into sterilized Terra-Lite/Metro Mix 360 (W.R. Grace & Co., Memphis, TN, USA) in 500-cm 3 plastic pots. To disinfest, seeds were placed in cheesecloth and submerged into calcium hydroxide solution (1.58 g L −1 ) and incubated at 50°C for 20 min (Abd El-Rehim et al. 1981) . Terra-Lite/Metro Mix 360 was sterilized by autoclaving at 121°C twice for 1 h each time on consecutive days. One seed per pot was planted 2-cm below the surface of the potting mix. All pots were placed in a growth chamber at 25°C under 14-h photoperiod, and watered as needed. When plants were at the V3-V5 growth stage (Boote 1982) , they were inoculated with one darkly pigmented (SD) or one non-pigmented (SW) isolates of S. sclerotiorum. For inoculation, either two 1-cm diameter mycelium plugs were placed on the cotyledonary axils of each plant and covered with a piece of sterile cheesecloth, or a 3-cm wound using a sterile razor blade was made along the cotyledonary axil upwards then inoculated as above. Three groups of five plants each (experimental unit is a group of five plants), providing fifteen plants that were inoculated with the SD isolate and another three groups of five plants each were inoculated with the SW isolate for both trials. Three groups of five plants each served as control plants and were not inoculated. All plants were misted daily with water to create a high humidity environment. Both signs (presence of mycelium and sclerotia) and symptoms of infection (necrosis, wilting, and death) were recorded. The experiment was conducted three times. In addition to the whole plant inoculation, peanut leaflets from new sets of peanut plants were also inoculated with the same SD and SW isolates used in the pathogenicity test with whole plants. Filter paper (Whatman No. 2) was sterilized by autoclaving twice at 121°C for 30 min, and then placed in 9-cm diameter Petri plates, with two sheets of filter paper per plate. Two milliliters of sterile deionized water were added to each plate. Leaves were collected from Valencia peanut plants at the 3-to 5-leaf stage. Leaflets were then removed from each leaf and placed on the filter paper in each plate, with three leaflets per plate, with a single leaflet used as an experimental unit. Two leaflets were inoculated with either one SD or one SW isolates, by placing a 1-cm mycelium plug onto the center of each leaflet. A 1-cm plug removed from a non-inoculated PDA plate was placed in a similar fashion on the third leaflet to serve as a control. There were three replicate plates for each test, and the plates were maintained at room temperature (23-25°C). Development of lesions on leaflets was monitored for up to 2 wk. The experiment was conducted three times.
Pathogenicity tests using leaflets were also conducted as stated above, with both SD and SW isolates grown on PDA amended with 30 ppm tricyclazole, all five pH levels (listed above in the pH section of the material and methods), sucrose and glucose plates, 100 ppm arabinose, and 100 ppm pure oxalic acid for 72 h then transferred to the leaflets. There were three replicate plates for each test, and the plates were maintained at room temperature (23-25°C). Development of lesions on leaflets was visually monitored for 2 wk. The experiment was conducted three times.
Scytalone dehydratase transcript detection in SD and SW isolates
Primers were designed to check for the presence of mRNA for scytalone dehydratase, an enzyme within the DHN melanin pathway. The SCD1 gene sequence encoding scytalone dehydratase was used from Kubo et al. (1996) . The sequence was entered into Geneious primer design software and both forward (SCD1F) and reverse (SCD1R) primers were designed with a product size of 185 bp long. A PCR reaction was run to test the primers using the same procedure and conditions as above except replacing the ITS 4 and 5 primers with the newly designed SCD1F and SCD1R primers. Samples were also run with ITS 4 and 5 primers which were used as positive controls.
RNA was extracted from both SD and SW isolates using a Qiagen RNeasy mini kit (Qiagen, Valencia, CA, USA). The RNA was incubated with DNAse I (Life Technologies, Grand Island, NY, USA) for 37°C for 10 min followed by the addition of 0.5M EDTA and a final incubation at 80°C for 10 min. Once RNA from both isolates was extracted, the product was used in a reverse transcription PCR (RT-PCR) reaction to test for the presence of scytalone dehydratase transcripts. SuperScript III Reverse Transcriptase (Invitrogen, Grand Island, NY, USA) was used for first-strand cDNA synthesis using oligo dT. A total volume of 20 μL of reaction volume was used. A total of two reactions per isolate were used as replicates. Each reaction consisted of 2 pmol gene-specific primer (SCD1F and SCD1R), 5 μg total RNA, 1 μL 10 mM dNTP mix and sterile, distilled water to 13 μL. The mixture was heated to 65°C for 5 min and incubated on ice for 1 min. The reactions were then collected by brief centrifugation. To the mixture 4 μL 5× first-strand buffer, 1 μL 0.1 M DTT, 1 μL RNaseOUT ™ recombinant RNase inhibitor, and 1 μL of SuperScript ™ III RT was added and mixed by pipetting up and down. The mixture was then incubated at 55°C for 30 min. The reaction was then inactivated by heating the mixture at 70°C for 15 min. The cDNA was then used as the template for a PCR reaction. Each reaction contained the same components as previously stated in the isolate confirmation section, with exception to 5 μL cDNA, 1 μL SCD1F primer, 1 μL SCD1R primer and 8.8 μL deionized water. Thermal cycling parameters, gel electrophoresis, purification and sequencing were done as stated above in the isolate confirmation section.
Statistical analysis
Differences in radial growth of the wild-type isolate (SD) and mutant isolate (SW) on the various media at 72 h after incubation were subjected to an analysis of variance and treatment means were compared to the control with Dunnett's t-test using SAS (SAS Institute, Cary, NC, USA). Data on the response of the two isolates to different levels of pH and temperature was analyzed using Proc REG in SAS. For pathogenicity tests using whole plant or leaflets, it was expected that all plants or leaflets inoculated with the SD isolate would display symptoms of infection (plant death or leaflet necrosis), whereas all plants and leaflets inoculated with the SW isolate would display no symptoms. The association between isolates (SD and SW) and pathogenicity (symptoms present, no symptoms present) was tested using Fisher's exact test through Proc FREQ procedure in SAS with CHISQ option. Significant evidence of association between isolate and pathogenicity was concluded if P-value for Fisher's exact test was less than 0.05.
Results
Establishment of non-pigmented mutant isolates from wild type, pigmented S. sclerotiorum
There was a significant difference among treatments (P < 0.001) with regard to radial growth of SD isolate at 72 h of incubation on PDA (control) and PDA amended with 100 μg mL −1 of phthalide, 100 μg mL −1 of kojic acid, 30 μg mL −1 of tricyclazole, and glyphosate used at 125 and 250 μg mL −1 (Fig. 1) . Radial growth of the SD isolate was similar on control medium and PDA amended with glyphosate used at 125 and 250 μg mL −1 . Conversely, when the SD isolate was grown on PDA amended with 100 μg mL −1 phthalide and 100 μg mL −1 kojic acid, radial growth at 72 h was reduced by over 80%. Radial growth of SD isolate on PDA amended with 30 μg mL −1 tricyclazole was reduced approximately by 26% relative to that on PDA control plates. Pigmentation in the SD isolate first became apparent at 5 d of incubation when the isolate was grown on PDA plates without amendment ( Fig. 2A) , and 125 μg mL −1 glyphosate, at 6 d on PDA amended with 250 μg mL −1 glyphosate, and at 7 d of incubation on PDA amended with 100 μg mL −1 kojic acid or phthalide. Sectors consisting of non-pigmented areas were noticeable within 14 d of incubation on PDA amended with 100 μg mL −1 kojic acid or phthalide, and 30 μg mL −1 tricyclazole. Very light brown to white pigmentation was observed for SD isolate grown on tricyclazole-amended medium. From the non-pigmented sectors, transfers were made to Petri plates containing only PDA to determine if non-pigmented mutants (SW) were established. On PDA, SW mutants that remained white or colorless and produced no sclerotia despite multiple (>4) transfers were considered stable mutants (Fig. 2B ), and were stored on autoclaved oat kernels at 5°C until needed. Since the non-pigmented mutants were generated in 2009, they have been tested every 4-6 mo and found to be stable as they produced white mycelial cultures on PDA.
Isolate confirmation
The SD and SW isolates of S. sclerotiorum, when analyzed through PCR reactions with ITS4 and ITS5 primers, produced a product of 507 bp on a 1% agarose gel. Sequencing of the purified products followed by a BLAST search showed a 99% identity with sequences of S. sclerotiorum. GenBank deposited sequence information and protocol with similar work on Sclerotinia sclerotiorum in cabbage can be found in Sanogo et al. (2015) .
Effect of two carbon sources on mycelial growth and pigmentation
Analysis of variance revealed no significant effect of interaction of isolate × carbon source (P = 0.2079), and no significant main effect of carbon source (P = 0.2079) on radial growth. However, there was a significant main effect (P < 0.0001) of isolate on radial growth, which was reduced by approximately 17% in the SW isolate (2.94 cm ± SE = 0.056 at 72 h) compared to the SD isolate (3.5 cm ± SE = 0.000 at 72 h). The SD isolate grown on ), phthalide (100 μg mL −1 ) and tricyclazole (30 μg mL −1 ), and the herbicide glyphosate (at 125 and 250 μg mL −1 ). Each data point is the mean of three trials, with four replications per treatment in each trial. Error bars are standard errors of the mean; bars that are not visible are less than the data point. complete glucose and sucrose media did not produce any pigmentation within 14 d of incubation, and remained non-pigmented after this time period. The SW isolate also did not produce any pigmentation when grown on complete glucose and sucrose at 14 d of incubation. Both the SD isolate and SW isolate grown on water agar control plates showed no pigmentation 14 d after initial transfer.
Effect of temperature levels on mycelial growth and pigmentation
At 72 h after incubation on PDA, radial growth of the SD isolate was greatest at temperatures of 15, 20, and 25°C, and lowest at 30°C. A similar growth trend was observed with the SW isolate. In both isolates, radial growth was significantly reduced by nearly 80% at 30°C (mean radial growth for SD was 0.592 cm ± SE = 0.036, and mean radial growth for SW 0.750 cm ± SE = 0.025) compared to the radial growth at temperatures of 15, 20, and 25°C (mean radial growth for both SD and SW was 3.5 cm ± SE = 0.000). Pigmentation changes, consisting of the appearance of dark color in the mycelium were noted for the SD isolate within 14 d of incubation, whereas no such changes were recorded for the SW isolate. The SD isolate showed dark pigmentation of the mycelium at 20, 25, and 30°C at 5 d of incubation, and a slight darkening of mycelium at 15°C was observed after 7 d of incubation.
Effect of pH levels on mycelial growth and pigmentation
Radial growth of the SD isolate was greatest when grown on PDA at pH 5.0, 5.6 (control), and 6.0, and lowest on PDA at pH 7.0 and 8.0 at 72 h after incubation (Fig. 3) . Similar growth trends with respect to pH were observed for the SW isolate. The relationship between radial growth and pH was significant for both SD isolate (P = 0.0192) and the SW isolate (P = 0.009) was best described by the following equations: RD = 15.54 − 7.12 loge (pH) for the SD isolate (R 2 = 0.88, and RD = 16.63 − 7.86 loge (pH) for the SW isolate (R 2 = 0.93), where RD is the average radial growth (in cm) and loge (pH) is pH subjected to natural logarithm transformation. There was no significant difference between the two equations (P = 0.5784). Pigmentation changes, consisting of the appearance of dark color in mycelium or diffused pigmentation into the medium, were observed for the SD isolate within 14 d of incubation. On PDA at pH 5.0, 5.6, and 6.0, dark pigmentation in mycelium became apparent at 5 d after initial transfer. However, when grown on PDA at pH 7.0 and 8.0, the SD isolate showed a significant decrease in dark pigmentation relative to control plates. All SW isolates remained non-pigmented on all media regardless of the pH within the 14 d of incubation period.
Effect of melanin precursors on mycelial growth and pigmentation
The radial growth of the SD isolate was similar on control plates and PDA amended with shikimic acid at 48 h, but growth was significantly reduced on PDA amended with either shikimic acid or catechol at 72 h (Fig. 4A) . Similar results were obtained with the SW isolate at 48 and 72 h (Fig. 4B ). Pigmentation changes, based on visual observation, were observed within 6 d of incubation in the SD isolate grown on PDA alone and PDA amended with shikimic acid, catechol, and scytalone. No pigmentation change was noted for the SW isolate grown on PDA and shikimic acid within the 14 d period of observation. However, the SW isolate grown on catechol-amended PDA and PDA sprinkled with scytalone showed pigmentation within 12 d after initial transfer. Pigmentation changes consisted of the appearance of a dark reddishbrown (catechol-amended medium) to a dark gray pigment (scytalone-amended medium) in the mycelium.
Effect of arabinose and pure oxalic acid on isolates of S. sclerotiorum
The radial growth of the SD isolate was identical on PDA control plates and PDA amended with arabinose or oxalic acid, which reached a radius of 3.5 cm ± SE = 0.000 at 72 h. Similar results were obtained with the SW isolate, reaching a radius of 3.5 cm ± SE = 0.000 at 72 h. Pigmentation changes within the bromophenol blue indicator plates, representing a yellow halo, were observed within 3 d of incubation with the SD isolate from both arabinose and oxalic acid plates. After 3 d of incubation with the SW isolate from both arabinose and oxalic acid plates, no yellow halo was produced on the bromophenol blue indicator plates. There was no yellow halo produced when control plugs (plugs with no mycelium from PDA control plates and PDA amended with arabinose or oxalic acid) were placed on the bromophenol blue indicator plates. Fig. 3 . Effect of pH on mycelial growth of a darklypigmented isolate (SD) and a mutant, non-pigmented (SW) isolate of Sclerotinia sclerotiorum at 72 h on potato dextrose agar medium. Each data point is the mean of three trials, with four replications per treatment in each trial. Error bars are standard errors of the mean; bars that are not visible are less than the data point.
Pathogenicity
Plants inoculated with the SD isolate were wilted, and had chlorotic leaves, whereas plants inoculated with the non-pigmented isolate (SW) showed no such symptoms (Figs. 5A and 5B). The time to appearance of symptoms was about 7-8 d following inoculation (Table 1 ). All peanut plants inoculated with the SD isolate were dead with mycelium and sclerotia visible on the plants 2 wks after inoculation. The control plants had normal growth with dark green leaves and yellow flowers. Fisher's exact (P < 0.00001) showed strong evidence that symptom development was associated with the isolate of Fig. 4 . Effect of melanin precursors, shikimic acid and catechol, on mycelial radial growth of a (A) darkly pigmented isolate (SD) and a (B) mutant, non-pigmented (SW) isolates of Sclerotinia sclerotiorum at 24, 48 and 72 h. Each data point is the mean of three trials, with four replications per treatment in each trial. Error bars are standard errors of the mean; bars that are not visible are less than the data point.
S. sclerotiorum. Peanut leaflets inoculated with PDA plugs of the SD isolate displayed necrotic lesions within 48 h of inoculation (18 out of 18 or 100% leaflets were symptomatic), and after 96 h, lesions expanded over the entire surface of leaflets. All peanut leaflets inoculated with PDA plugs of the SW isolate showed no symptoms of infection within the observation period (0 out of 18 or 0% of leaflets were symptomatic). Inoculations of leaflets with SW isolates as mycelia plugs did not result in any lesion development.
When peanut leaflets were inoculated with plugs of the SD isolate grown on complete glucose and complete sucrose, necrotic lesions appeared within 72 h after inoculation (18 out of 18 or 100% leaflets per treatment were symptomatic), and after 96 h, all inoculated leaflets showed complete necrosis. Peanut leaflets inoculated with the SW isolate grown on complete glucose and sucrose showed no symptoms of infection within the observation period (0 out of 18 or 0% of leaflets per treatment were symptomatic).
Inoculation of peanut leaflets with plugs of the SD isolate grown on media at pH 5.0, 5.6, and 6.0 resulted in the development of necrotic lesions within 72 h (18 out of 18 or 100% leaflets per treatment were symptomatic), whereas at pH 7.0 and 8.0 lesions were visible within 48 h. Complete leaflet necrosis occurred at pH 5.0, 5.6 and 6.0 after 96 h, and at 72 h at pH 7.0 and 8.0. Peanut leaflets inoculated with plugs of the SW isolate grown on media at pH 5.0, 5.6, 6.0, 7.0 and 8.0 did not show any symptoms within the observation period (0 out of 18 or 0% of leaflets per treatment were symptomatic). Control leaves also showed no symptoms of infection.
Peanut leaflets inoculated with plugs of the SD isolate grown on media amended with 30 ppm tricyclazole displayed necrotic lesions within 48 h (18 out of 18 or 100% leaflets were symptomatic). Complete leaflet necrosis occurred after 96 h. Peanut leaflets inoculated with plugs of the SW isolate grown on media amended with 30 ppm tricyclazole did not show any symptoms within the observation period (0 out of 18 or 0% of leaflets were symptomatic).
Inoculation of wounded whole peanut plants with the SD isolate yielded symptoms identical to those described previously on unwounded plants inoculated with the same isolate. Conversely, no symptoms developed when wounded whole peanut plants were inoculated with the SW isolate.
Scytalone dehydratase transcript detection in SD and SW isolates RNA was successfully extracted using the Qiagen RNeasy mini kit (Qiagen, Valencia, CA, USA). RT-PCR of the SD and SW isolates of S. sclerotiorum with SCD1F and SCD1R primers produced a product of around 185 bp on a 1% agarose gel. Sequencing of the purified products followed by a BLAST search showed a 97% homology with sequences of the scytalone dehydratase gene.
Discussion
This study was aimed at characterizing factors that affect mycelial pigmentation and pathogenicity of S. sclerotiorum. As far as we know, this is the first report comparing a darkly-pigmented isolate of S. sclerotiorum and a non-pigmented mutant isolate produced by using melanin-inhibiting compounds. It has been shown in The percentage of symptomatic plants is based on 15 plants that were inoculated or not inoculated with the SD or SW isolates of S. sclerotiorum.
several studies that melanin-based pigmentation plays a role in pathogenicity of several pathogenic fungi (Dixon et al. 1991; El Bassam et al. 2002) . The study on the relationship of mycelium pigmentation to pathogenicity was facilitated by the generation of non-pigmented mutant isolates of S. sclerotiorum. Because all generated nonpigmented mutants were morphologically and physiologically (e.g., with respect to temperature response) identical, one isolate was used in the study. Similarly, one isolate of darkly-pigmented S. sclerotiorum was used because there is no known variation among isolates of S. sclerotiorum recovered from Valencia peanut in New Mexico, and all isolates are darkly-pigmented and equally pathogenic on Valencia peanut (Sanogo and Puppala 2007) .
Results from this study indicate that mycelium pigmentation could be partially affected in S. sclerotiorum using melanin-inhibiting compounds. Phthalide and tricyclazole, which have been used in previous experiments (Wheeler and Stipanovic 1979; Wheeler and Klich 1995) to inhibit melanin production in fungi that use the DHN-melanin biosynthesis pathway, yielded nonpigmented isolates of S. sclerotiorum (Fig. 2) . It can be inferred that S. sclerotiorum uses the DHN-melanin pathway as its primary pathway for melanin biosynthesis, and this inference is consistent with previous work (Bell and Wheeler 1986; Elliot 1995; Wheeler and Klich 1995; Kogej et al. 2004 ) describing ascomycetes utilizing the DHN-melanin pathway to produce melanin in mycelium. Although melanin was not chemically characterized in the isolate of S. sclerotiorum used in this study, it is assumed that the dark pigmentation in the mycelium is due to melanin based on the previous finding by Lazarovits et al. (2000) who showed, through chemical analyses and the use of tricyclazole, the presence of DHN melanin in mycelium of a darklypigmented isolate of S. sclerotiorum. The results from this study suggesting possible suppression of dark pigmentation in S. sclerotiorum by tricyclazole may be similar with those reported by Lazarovits et al. (2000) .
The study on melanin precursors was conducted to further determine which specific melanin pathway is being used by S. sclerotiorum. The precursors included in the study targeted three of the four main melanin pathways. The three precursors, catechol, shikimic acid, and scytalone targeted the catechol, DOPA, DHN melanin synthesis pathways, respectively. Both catechol and scytalone restored pigmentation to the non-pigmented mutant isolate, but not as dark as the pigmentation of the wild-type isolate grown on control PDA. However, scytalone produced a darker pigmentation than catechol, which suggests that DHN pathway is the main melanin biosynthesis pathway at play in S. sclerotiorum. Additionally, DHN-based melanin production is supported by the fact that inhibition of dark pigmentation was observed with incorporation of tricyclazole in growth medium, with the appearance of reddish-brown color as typically reported for DHN melanin producers (Elliot 1995; Butler and Gardiner 2009) .
Mycelium inoculum is widely used in epidemiological studies and in work on breeding or screening peanut cultivars for resistance for S. sclerotiorum (Kim et al. 2000; Cheng and Wang 2005) . Therefore, this study focused on mycelium inoculum. Under field conditions, at the time of infection, fungal inoculum may be subjected to new physical and chemical environmental factors such as temperature, pH, carbon sources, and pesticides including herbicides such as glyphosate. These factors were included in this study in order to assess their effects on mycelium pigmentation and subsequent plant infection.
Glyphosate is a very common broad-spectrum systemic herbicide that inhibits amino acid synthesis via the shikimic acid pathway as its primary mechanism of action (Nosanchuk et al. 2001 ). Tanney and Hutchison (2010) found that melanization and pigmentation in several fungal species were inhibited by glyphosate. Nosanchuk et al. (2001) showed that glyphosate delayed melanization and inhibited growth in Cryptococcus neoformans. In this study, however, there was an increase in dark pigmentation based on visual observation of pathogen growth on PDA media in S. sclerotiorum in the presence of glyphosate, suggesting an increase in melanin production. Tanney and Hutchison (2010) have indicated that some fungi have the ability to biodegrade glyphosate and use it as a source of carbon and phosphorus. It is possible that this scenario is in play for S. sclerotiorum in the presence of glyphosate.
With respect to carbon source, results showed that the darkly pigmented SD isolate or the non-pigmented SW isolate remained white (colorless) or non-pigmented when inoculated on complete glucose or complete sucrose media. These results are consistent with the findings of Lazarovits et al. (2000) and Sanogo and Puppala (2007) , which showed that melanin production and pigmentation of S. sclerotiorum can be affected by growth media.
Melanins in fungi are used to protect fungal cells from desiccation, UV light, lytic enzymes as well as temperature extremes and other environmental factors (Butler and Gardiner 2009) . The temperature levels evaluated in this study are within the range of temperature usually encountered from planting (typically in May) to harvest of peanut (typically in October) in eastern New Mexico (Sanogo and Puppala 2007) . Based on the results from this study, optimum growth ranges for both SD and SW isolates of S. sclerotiorum are between 15 and 25°C. Temperatures greater than 25°C reduce mycelial growth. The fact that pigmentation was coincident and more pronounced at temperatures greater than 25°C could suggest that pigmentation may contribute to protection of S. sclerotiorum against temperature extremes.
Soil pH in New Mexico, including the eastern region of the state where Valencia peanut is predominantly produced, is typically between 6.5 and 8.4 (Flynn 2012 ). This range was included in the selection of pH levels examined in this study. Mycelium growth was enhanced at pH lower than 7.0, and reduced at pH above this value. Results from this study indicate that pigmentation in mycelium of S. sclerotiorum is affected by pH and is in agreement with the findings by Butler and Gardiner (2009) who also noted that albino mutants may be generated on low pH media in black yeast and other microorganisms producing DHN melanin. Sclerotia production also increased at pH 5.0 and 8.0 indicating soil pH could play a role in sclerotial load in soil or in plant debris deposited on soil and incorporated in soil during plowing operations.
Oxalic acid has been shown as a major determinant of pathogenicity in several fungal microorganisms including S. sclerotiorum (Marciano et al. 1982; Kim et al. 2008) . However, it is still being speculated as to which mode of action S. sclerotiorum utilizes oxalic acid, but hypotheses have been discussed such as direct toxicity to the host due to the acidity of oxalic acid (Noyes and Hancock 1981) . A second proposed mode of action is the modification of host apoplastic pH by oxalic acid to a pH that is more conducive to enzymatic degradation of the plant cell walls by Sclerotinia spp. (Bateman and Beer 1965) . Another proposed mode of action is chelation of the host cell wall Ca 2+ by the oxalate anion. Chelation disrupts both the host cell walls and the defense response of the host (Bateman and Beer 1965) . Darklypigmented and wild type isolates of S. sclerotiorum were inoculated on bromophenol blue indicator plates which produced a yellow halo within the medium, indicating production of acid. The mutant, non-pigmented isolate inoculated on the bromophenol blue plates produced no yellow halo, based on visual observation, indicating that the production of oxalic acid had been disrupted which could explain a loss of pathogenicity. An attempt to restore oxalic acid production within the nonpigmented isolates was done by the addition of an oxalic acid precursor, arabinose, as well as adding pure oxalic acid. Based on the bromophenol blue indicator plates showing no yellow halo, may possibly suggest its inability to uptake exogenous oxalic acid. The arabinose result further indicates that oxalic acid production was disrupted further upstream within the citric acid cycle. Adding additional arabinose or any other precursor downstream of the disruption site would not increase the production of oxalic acid.
Reverse transcription PCR coupled with PCR was conducted to complement the identification of S. sclerotiorum in both SD and SW isolates and to determine at which point within the DHN melanin pathway a mutation had occurred. Using the DHN pathway described by Jordan et al. (2001) , scytalone dehydratase, an enzyme located within the pathway, was chosen. Based on the results obtained using RT-PCR, transcripts for scytalone dehydratase were present in both SD and SW isolates indicating that gene expression for this enzyme was functioning in both isolates. We assumed that the loss of pigmentation was due to a mutation. However, the exact mutation site causing the loss of pigmentation is presently still unknown and further research is needed to determine where within the DHN pathway the mutation occurred. The mutagenicity of melanin-inhibiting compounds such as kojic acid and phthalide has not been extensively researched. Kojic acid has been shown to induce mutation in bacteria such as Salmonella typhimurium (Wehner et al. 1978; Wei et al. 1991) .
The focus of this study was on demonstrating a direct relationship between mycelium pigmentation, oxalic acid production, and pathogenicity of S. sclerotiorum. The SD and SW isolates were consistently pathogenic and non-pathogenic, respectively, under variable conditions. However, the differential behavior of the SD and SW isolates in the infection of peanut does not appear to be associated with mycelium pigmentation. This conclusion is supported by the fact that the SD isolate was shown to infect peanut leaflets despite the fact that it produced white mycelium on glucose-based and sucrose-based media, on tricyclazole-amended media, and on high pH media. Second, although mycelium in the SW isolate became darkly pigmented with the scytalone precursor, the SW isolate was unable to infect peanut leaflets.
Results from inoculation of wounded whole peanut plants with the SD and the SW isolates provided experimental results to suggest that non-pigmented isolate SW may not be able to infect peanut plants, whereas the SD isolate remained pathogenic whether the plants were wounded or not. It is likely that other factors, such as oxalic acid production, are in play, and further studies will focus on comparative analysis of pigmented and non-pigmented isolates of S. sclerotiorum in regard to oxalic acid production.
